Abstract: An investigation was conducted to develop a simple method for tracking the fate and transport of recycled water following recharge into a shallow brackish aquifer ͑caprock aquifer͒ in a coastal area on the Island of Oahu, Hawaii. Several naturally present chemical constituents including the boron isotopic signature ͑␦ 11 B͒ were used to characterize each of the caprock aquifer source waters and the recycled water. Because of the influence of seawater, only ␦ 11 B could be used to clearly distinguish the recycled water from the source waters and the caprock aquifer water. Estimates of the mixing ratios of source waters in the aquifer were made and a method was developed to determine the fraction of wastewater present in a brackish water sample recovered from a monitoring well during recharge operations without addition of a tracer. This method can be adapted to monitor any other brackish aquifer subjected to wastewater recharge.
Introduction
Intentional groundwater recharge with recycled water for the purpose of augmenting or enhancing a water supply may be desirable under certain circumstances. In some areas, including the states of California and Hawaii, rules exist governing the use of recycled wastewater as a source of artificial recharge. In any case, the quality of the recharge water in relation to the native water and the desired type of end use will be of paramount concern. In addition to providing a necessary degree of treatment to remove contaminants of public health concern, it is desirable to monitor the distribution and mixing of the recharge waters with native waters. Tracers that allow discrimination of different sources, are conservative, and detectable at low concentration can be used for such monitoring. One such tracer is the boron isotopic signature.
One component of the long-term water reclamation plan for Honolulu, Hawaii is a shallow recharge trench located near the Honouliuli Wastewater Treatment Plant ͑HWTP͒ in the Ewa Coastal Plain area on the Island of Oahu ͑see Fig. 1͒ . The trench will soon begin to recharge the shallow, brackish, nonpotable Ewa caprock aquifer that is utilized for golf course and agricultural irrigation. In order to facilitate the granting of a permit for the groundwater recharge, an extensive background water quality study was conducted to assess the baseline conditions prior to recharge operations. A portion of the study was aimed at using major and trace water quality parameters to characterize the caprock aquifer source waters, to determine their mixing ratios prior to recharge, and then to develop a reliable method to track the wastewater plume during and following recharge operations.
On the Island of Oahu, with a population of approximately 1 million people as well as major agricultural interests, nearly 100% of the water supply is derived from groundwater. Groundwater on Oahu occurs primarily in the basaltic rocks of the longextinct Koolau and Waianae shield volcanoes. In the coastal areas, including the Ewa Plain area, there are deposits of interbedded marine and terrestrial sediments ͑Bauer 1996͒. This thick wedge of calcareous and volcanogenic sediments is referred to locally as "caprock," because it generally overlies part of Koolau/ Waianae aquifers and confines groundwater flow within the underlying basal aquifers ͑Oki et al. 1996͒ ͑see Fig. 1͒ . The origin of nearly all fresh groundwater on Oahu is precipitation on the slopes of the Koolau and Waianae mountain ranges. Following infiltration the water is impounded in high-level dike compartments for a period of time before reaching the volcanic basal aquifers ͑including the Pearl Harbor aquifer͒ via leakage or overflow. Some recharge also occurs due to irrigation return flow over the unconfined portions of the aquifers. The Schofield high-level water body, which receives most of its water from the Koolau mountain area, provides another source of recharge for the Pearl Harbor aquifer ͑Hufen et al. 1980͒. The groundwater head is quite variable within the basal aquifers, but generally has a seaward gradient.
As fresh water in the basaltic aquifers moves from inland toward the ocean it mixes with seawater forming a brackish transition zone within the caprock aquifer in the Ewa Plain. The caprock aquifer is a coralline limestone layer underlain by a clay layer that acts as a low permeability bottom below which is seawater. The groundwater exists as a Ghyben-Herzberg lens floating on denser saltwater ͑Bauer 1996͒. The inland fresh groundwaters also occur as basal lenses floating on saltwater. The basal water is the primary source of fresh groundwater on Oahu and is developed by vertical wells and infiltration tunnels. Historically, in the Ewa Plain area, both fresh and brackish groundwaters have been used extensively for sugarcane cultivation, landscaping, and golf course irrigation. Since the late 1980s, Ewa Plain land use changes occurred rapidly as many cane fields were replaced by golf courses and housing developments changing the amount and location of applied irrigation water. After sugarcane operations ceased in November 1994, a large source of recharge ͑irrigation return water͒ to the shallow caprock groundwater was eliminated. Currently, the only major remaining readily available artificial recharge source is recycled effluent from HWTP.
Recycled water has been proposed as a possible source to recharge the caprock aquifer. The recharge water may assist in stabilizing or lowering the rising salinity levels in irrigation wells and in increasing the overall sustainable yield of the aquifer. However, the potential impact to baseline water quality at existing and potential future water-use localities down gradient due to introduction of recycled water into the caprock aquifer must first be determined. The nature of the Ewa Plain is heterogeneous, the knowledge of hydraulic properties of the aquifers is limited, and the caprock "wedge" has great depth. For these reasons, the cost to establish a sufficient density of monitoring wells to describe the flow of groundwater in the Ewa Plain is prohibitive. On the other hand, a dissolved conservative chemical tracer, such as the boron isotopic signature ͓"␦ Previous water quality studies performed in western and central Oahu have only included a few B data points for Schofield high-level groundwater samples, for primary effluent from the Schofield Wastewater Treatment Plant ͑Harding 1995͒, and an average value for well water in the caprock aquifer ͑Lau et al. 1989͒. Because the caprock aquifer is a nonhomogeneous mixture of basal groundwaters, recharged water, and seawater, in order to use boron or any other tracer there, it was necessary to determine the geochemistry of all the source waters. A hydrogeochemical study was conducted to determine the variation in boron isotope fractionation, boron concentrations, and other inorganic chemicals ͑i.e., chloride, silica, nutrients, and major ions͒ as the groundwater travels from basal sources through the Ewa Plain and mixes with seawater and recycled wastewater.
Materials and Methods
Fifteen sampling sites were chosen to characterize regional groundwater, wastewater, and near-shore seawater ͑see Fig. 2͒ . Detailed field sampling information is provided in Table 1 . Rainfall samples and Waihee tunnel samples were directly collected from the falling water. Groundwater samples from the basal wells and the caprock aquifer wells were collected through pumping devices after at least three well bore volumes were purged. Municipal wastewater samples were 24 h composites of the primary and secondary effluents from HWTP. Seawater was a grab sample collected at an established county monitoring site ͑HS-3͒ and sample bottles were immersed in seawater during the sampling. Water samples were analyzed for pH, total alkalinity, chloride ͑Cl − ͒, sulfate ͑SO 4 2 ͒, nitrate/nitrite ͑NO 3 − /NO 2 − ͒, total phosphorus, and silica ͑SiO 2 ͒ using the methods in standard methods for the examination of water and wastewater ͑APHA 1995͒. Major cations ͑Na, K, Ca, and Mg͒ were analyzed by ion chromatography.
Samples for boron isotopic analysis were acidified upon collection using two drops of 1% v/v high-purity 16 N nitric acid and stored in 250 mL polypropylene acid-washed bottles. Boron concentration and isotopes ͑i.e., The method detection limit ͑MDL͒ for boron concentration analysis in this work was 0.37 g / L. The precision of B isotope measurement is defined as the value of the relative standard deviation percentage ͑RSD%͒. The RSD% is calculated as the standard deviation ͑SD͒ of measurement divided by the mean of the analysis ͑n = 7 for SRM-951 standard and n = 10 for water samples͒. The SD on SRM-951 standard recorded during this work was 0.01 and precision ͑RSD%͒ was 0.267%. Boron isotope ratios were calculated as ␦ Given the boron isotope ratios of two or more waters, shifts in the ␦ 11 B value following mixing in any volumetric proportions can be calculated using the following equation:
where C i = total B concentration of sourcewater i; and
Because B is a tracer that tends not to react with most media, the impact of infiltration during recharge within the aquifer is generally minimal. The enrichment of where ␣ = boron-isotope fractionation factor between dissolved and adsorbed boron, as defined in Eq. ͑4͒; and X = fraction of boron which remains in solution as defined in Eq. ͑5͒
where 
Results and Discussion

Chemical Composition of Caprock Aquifer and Its Source Waters
A comprehensive chemical characterization was performed on all water samples. Natural water such as rainwater, which recharges the aquifers by infiltration and percolation through soil material, will pick up and transport a substantial load of dissolved constituents. Consequently, groundwaters usually contain a host of dissolved elements and compounds. The ion chemistry ͑data not shown͒ indicates: ͑1͒ caprock groundwater significantly differs from inland basal aquifer waters with Ca enrichment occurring in the caprock aquifer; ͑2͒ a trend of increasing Ca/ ͑HCO 3 − +SO 4 2− ͒ ratio and decreasing Na/ Cl ratio, implying mixing of inland basal aquifer waters with highly saline seawater ͑low Na/ Cl ratio͒; and ͑3͒ the HWTP effluent is characterized by medium chloride concentration ͓Cl͔, low Ca/ ͑HCO 3 − +SO 4 2− ͒ ratio, medium Ca/ Mg ratio, and high ammonia and phosphorus. However, ion concentrations and ratios are similar enough to the groundwaters such that they are insufficient to distinguish wastewater from basal groundwater.
The boron concentration ͓B͔ ͑g/L͒, ͓Cl͔ ͑mg/L͒, and ␦ 11 B ͑%͒ results are shown in Table 2 ͑average of two samples taken 3 months apart͒. Two primary effluent samples from HWTP were collected to serve as a comparison with the secondary effluent from the same facility. Total ͓B͔ was measured to be 263 g/L in primary effluent and 274 g / L in secondary effluent collected on the same day. These data are considered comparable, indicating that biological treatment has a negligible effect on ͓B͔ and isotopic fractionation ͑does not affect the anthropogenic signature͒. These effluent ͓B͔ results are at the lower end of the range of values reported by Vengosh and Keren ͑1996͒ and Bassett et al. ͑1995͒ for treated sewage effluent ͑250-540 g/L͒. This may indicate the use of B-containing cleaning products in Hawaii is different from practices in Israel and Texas.
Boron is present at very low concentrations in rainfall and all fresh groundwater. The rainfall sample collected at Kahuku contained ͓B͔ of 3 g / L. The Waihee tunnel sample, which represents dike water recharged by the Koolau mountains, contained only 18 g / L. The MW-2-5 well in the Schofield highlevel aquifer area also had a low ͓B͔ of 19 g/L. The ͓B͔ in waters from the Schofield high level water flowing into the Pearl Harbor aquifer gradually increased from less than 33 to 159 g/L ͑in the direction of flow͒. Conversely, the ͓B͔ in caprock aquifer was 100 g / L at the inland site ͑Hongwanji͒ and increased to 271 g / L at OG-MW-6. The ͓B͔ further increased to 281 g/L at OG-MW-9 and then 670 g / L at the EM-600 site on the Ewa coastline. The higher ͓B͔ at these sites was expected because the caprock aquifer is a brackish water body created by a mixture of the seaward-flowing freshwater mixing with marine water in the shallow coastal aquifer. Seawater from the Ewa shoreline site ͑HS-3͒ had ͓B͔ of 4 , 519 g / L, agreeing with the value of 4 , 500 g / L reported in the literature ͑Swihart et al. 1986; Vengosh et al. 1994͒ for seawater.
The groundwater ͓B͔ values found in this study agree with the published ͓B͔ range of uncontaminated groundwater ͑Ͻ100-500 g / L; Vengosh et al. 1991͒ , and with previous ͓B͔ data for Ewa caprock aquifer samples ͑320-550 g / L; Lau et al. 1989͒ and the Schofield area groundwater ͑20 g / L; Harding 1995͒. Based on the above results, it should be noted that: ͑1͒ the caprock aquifer has a relatively high background ͓B͔ ͑ranging from 100 to 670 g/L͒; ͑2͒ the ͓B͔ in HWTP sewage effluent ͑274 g/L͒ falls within the range of ͓B͔ found for the caprock groundwater; and ͑3͒ the ͓B͔ in groundwater increases from inland water bodies through the caprock aquifer to the Ewa shoreline seawater. Table 2 shows the ͓Cl͔ in the HWTP effluent is approximately 200 mg/ L. The various groundwaters have a wide range of ͓Cl͔, from 18 to 1 , 519 mg/ L. The ͓Cl͔ values in the Ewa caprock wells range from 159 to 1 , 519 mg/ L. This means that most caprock wells ͑except Hongwanji͒ have higher ͓Cl͔ than that of the HWTP effluent. Therefore, ͓Cl͔ alone would not be a good tracer to monitor the spread of injected effluent in the caprock aquifer. A cross plot of ͓Cl͔ and ͓B͔ indicates that wastewater, fresh groundwater, rainfall, and caprock groundwater differ in their chemical composition ͑data not shown͒. However, the differences are not such that mixtures could be easily identified.
Fresh rainfall water has the lowest chloride and boron concentrations ͑5 and 3 g / L, respectively͒. The Waihee tunnel water also had low values ͓͑Cl͔ = 18 mg/ L and ͓B͔ =18 g/L͒. A decreasing trend in Cl and B content is evident from the Ewa coastline sample site ͑EM-600͒ moving toward inland sampling sites. The estimated distances of all sampling points from the Ewa shoreline ͑in reference to the HS-3 site͒ are listed in Table 1 . The increase of ͓Cl͔ and ͓B͔ with the reciprocal of distance is nearly linear: the correlation coefficients ͑R 2 ͒ are 0.90 for ͓Cl͔ and 0.78 for ͓B͔ ͑plots not shown͒. This suggests that processes controlling the boron composition of these waters are, in large part, related to the controls on salinity ͑mixing of freshwater with marine water͒. In addition, the slope of the ͓B͔ regression line is smaller than that of the ͓Cl͔ trendline indicating that ͓B͔ does not increase as rapidly as ͓Cl͔, which is likely due to B adsorption ͑discussed further below͒. The B / Cl ratios of these waters were also calculated, but no clear differentiation of HWTP from groundwaters was observed. The relatively large difference of the ͓Cl͔ between seawater, caprock aquifer water, and fresh groundwater samples implies only a small contribution from seawater to inland groundwater hydrochemistry.
The B isotope ratio ͑␦
11
B͒ data are also shown in Table 2 . The precision of measurement for the SRM-951 standard was determined as RSD% = 0.267% ͑n =7͒, while a range of B values are distinctly lower than all of the groundwaters, which agrees with the results of Barth ͑1998͒. Barth showed that the distinct B signature for wastewater is due to the isotopic signature of the natural borate minerals used to manufacture sodium perborate compounds that are present in detergents and cleaning products. In the United States, these boron compounds are mined from a single source in Searles Lake, Calif. The fresh groundwater data points ͑Schofield high-level water, the Koolau wells, and Waihee tunnel͒ show low ͓B͔ and high ␦ B in native groundwater should reflect the rock type with which it was associated and the source water͑s͒ from which it evolved. Groundwater systems are generally charged by meteoric waters, which have low B content and variable boron isotope compositions. If some boron is incorporated into or adsorbed on secondary minerals, the ␦ 11 B will increase. Variations on this theme can occur if seawater forms all, or part of, the water charging the system. The ␦ phase. In the case of Oahu, caprock groundwater has high ␦ 11 B value and a low B / Cl ratio. Along with the smaller slope of the ͓B͔ trendline discussed earlier, the low B / Cl ratio suggests that boron is removed from water in the Ewa caprock aquifer due to adsorption ͑discussed further below͒.
Caprock Aquifer Source Water End Members
Based on the available analytical results of ͓Cl − ͔, ͓SiO 2 ͔, ͓B͔, and ␦
11
B for the water samples collected, the best explanation of potential water sources for the caprock aquifer involves the following seven hypothetical end members: 1. Rainfall; 2. Dike water in the Koolau mountain range which is a "young" groundwater, represented by the isotopic and chemical composition of Waihee tunnel water; 3. High-level fresh groundwater without the influence of returnirrigation water, represented by the isotopic and chemical composition of Schofield shaft water; 4. The "old" basal water recharged from the Waianae range with the effect of agriculture irrigation return, represented by the isotopic and chemical composition of the HCC well; 5. Basal water from the Pearl Harbor aquifer which is recharged by the Koolau and Waianae mountains, represented by the isotopic and chemical composition of the West Loch golf course well; 6. Seawater represented by the isotopic and chemical composition of the shoreline sampling site, HS-3; and 7. Recycled water recharge into the caprock aquifer, represented by the isotopic and chemical composition of the HWTP effluent. Differences among these end members can be observed in Table  3 . The Waihee tunnel water is the most pristine and "young" groundwater since the dike zone waters represent rainfall that has to infiltrate a shorter distance than the basal groundwater. This is confirmed by the analytical results of the water: lowest silica content, lowest nutrients, lowest chloride, and lowest ͓B͔. Similar to the Waihee tunnel water, the Schofield shaft water is also recharged by rainfall infiltration, and is a temporary storage for fresh water before recharging the basal lens. The principal boundaries for this high-level water body are the dike zones associated with the Koolau and Waianae mountains. As shown in Fig. 1 , the Schofield shaft is located in the Schofield high-level area with a stable water level of 270 ft. This end member represents a fresh water source with little or no irrigation-return effect. The HCC monitoring well is located at the Hawaii Country Club golf course, which is at the boundary area of the Koolau and Waianae mountain ranges and surrounded by a large area of agriculture land use. It is likely that the Waianae old basal aquifer mainly recharges HCC. The component of return irrigation water is evident at this site. Among these seven end members, HCC has the highest silica content, and high nutrients ͑nitrate and total P͒, as well as being the most enriched in B of 40%, the highest ͓B͔ and ͓Cl͔, the lowest B / Cl ratio ͑0.18ϫ 10 −3 ͒, the lowest silica content, low nutrients, and a higher pH value of 8.22. The composition of HWTP secondary effluent provided in Table 3 represents the effluent component before recharge. The isotopic signature of HWTP is a distinct ␦ 11 B value less than 19%. Also, the total P in HWTP effluent is one order of magnitude higher than the groundwaters. Fig. 3 indicates a general grouping of these end members that corresponds to potential water sources recharging the caprock aquifer. Seawater is not plotted in the figure because of plot scale issues. Because no sewage has yet been recharged into the caprock aquifer, the available data on B isotope composition and other chemical tracers can be very helpful for understanding the mixing processes in the regional groundwaters and future mixing with recycled water. Before percolating recycled irrigation water can reach the water table to mix with and recharge ambient groundwater, its chemical composition may be modified by adsorption onto clays in the soil ͑Vengosh et al. 1994; Vengosh and Keren 1996͒. Although, the B adsorption process and associated modification of the HWTP effluent ␦ 
Mixing of Hypothetical End Members
Due to differences in the ␦ B mix is calculated using Eq. ͑2͒ based on volume percentages of the two end members varying from 1 to 100%. The measured data for all water samples is also plotted in Fig. 4 to estimate the simulation value of the mixing curves. For the caprock groundwater sites, the analytical data for EM-600, OG-MW-9, and OG-MW-6 are located slightly above the West Loch-seawater mixing curve, and the data for Hongwanji is close to the Waihee-seawater mixing curve. For the Pearl Harbor groundwater sites, the Kunia and Waipahu wells are close to the HCC-seawater curve. The MW 2-5 and MW 2-6 well data are found in between the Waihee-seawater and HCCseawater mixing curves. These two wells tap into older inland basal groundwater that should not have any influence of seawater and the isotope signature suggests they are similar to Waihee water perhaps enriched with 11 B due to adsorption. The Schofield shaft data point is separated from these mixing curves because it is a high-level inland water body not under the influence of seawater. The Hongwanji site is separated from the other three caprock wells and appears to be recharged by "young" water instead of the Koolau basal water, by which the other three caprock wells are most likely recharged. A possible explanation is that the Hongwanji well is located adjacent to a storm-water retention basin. The storm runoff, which has less water-rock interaction just like "young" water in Waihee tunnel, appears to have a strong influence on the composition of Hongwanji well water. Thus, in Fig. 4 , the Waihee-seawater mixing curve is meant to represent the mixing of rainfall recharge in the Ewa Plain with seawater. In Fig. 4 , the ␦ 11 B mix curves are found to be useful both for defining distinct sources of groundwater and also as a tracer for predication of mixing trends and contributions among these water sources. The positions of caprock sample data points are closer to freshwater end members than to seawater, indicating that groundwater in the caprock aquifer is recharged by inland fresh water sources mixed with a small portion of inland-migrating seawater. Comparing the measured data points with the calculated mixing curves, Hongwanji is found to consist of 1.5-2% seawater and 98.5-98% "young" water, and EM-600 is found to be a combination of 12% seawater and about 88% basal water recharged by the Pearl Harbor basal aquifer. The closest points to OG-MW-9 and OG-MW-6 found on the West Loch-seawater curve indicate 2-2.5% seawater mixed with 98-97.5% basal water. The Kunia and Waipahu wells can be simulated by the mixing curve of HCC and seawater. Waipahu is found to be 0.75% seawater mixed with 99.25% Waianae basal water and Kunia is estimated to contain approximately 1.5% seawater. The Schofield shaft was found to have the lowest ␦ 11 B value ͑39%͒ among natural water samples in this study.
Using Eq. ͑2͒, it is also possible to evaluate mixing of three or more components when the ␦ 11 B values of the water sources are known. A three-water-component mixing curve using West Loch, Waihee, and seawater as end members is shown in Fig. 5 . Using Eq. ͑2͒ to calculate the ␦ 11 B mix , with the available ␦ 11 B i , C i , and % i data of these three components, a family of mixing curves can be developed in the area between curve "seawater+ Waihee" and curve "seawater+ West Loch." For example, the bold curve in Fig. 5 represents a groundwater made up of 50% dike water Although the mixing curves with three or more water components may provide more accurate predictions in some cases, the sampling area and number of samples were limited in this study, and a more comprehensive survey to determine the spatial variability of B isotopic data for typical end members should be conducted to justify the use of three or more mixing members.
The caprock aquifer well water data points plotted in Figs. 4 and 5 are all located slightly above the mixing curves. This means the actual caprock groundwater has higher ␦ 11 B values than that of calculated results based on the binary mixing of end members. This suggests that the enrichment of 11 B due to adsorption of B on the clay in the caprock aquifer could be important with regard to using B as a tracer for groundwater and recharged wastewater effluent. Adsorption can shift the ␦ 11 B value of groundwater sources or recharged effluent after equilibration with clay minerals as predicted by Eqs. ͑3͒-͑5͒. Herein a value of 4.67 was used for K d ͑reported by Spivack et al. 1987͒ to simulate B adsorption in the caprock aquifer. The ␣ values of 0.981, 0.975, and 0.969 have been used in previous research ͑Bassett et al. 1995͒, however, when these ␣ values are used to calculate the ␦ 11 B equ , the data points are still above the mixing curves. An ␣ value of 0.9965 is required to obtain a good fit for the analyzed caprock groundwater samples ͑see Fig. 6͒. Fig. 6 excludes the HS-3 data point in order to focus on the lower portion of mixing curves, where the caprock well data are located. In Fig. 6 , Curve Numbers 2, 4, and 6 represent the binary mixing between seawater and freshwater end members after equilibrating with clay in young ͑dike͒ water, basal aquifer water, and caprock aquifer water. Here, a homogeneous condition was assumed for B adsorption on clay, so that the same ␣ value 0.9965 was used for all mixtures. It is apparent that Curve Numbers 2, 4, and 6 provide a better simulation of caprock and Pearl Harbor basal groundwaters as the products of mixing of end members. In Fig. 6 , the data from the Hongwanji site falls on Curve Number 2, which represents the mixing behavior between young water and seawater; the caprock well data ͑EM-600 and OG-MW-9͒ fall on Curve Number 6, which indicates that these two caprock sites are recharged by basal water from the Pearl Harbor basal aquifer and mixed with 12 and 2% seawater, respectively. The OG-MW-6 data point is located close to but above Curve Number 6 indicating that the adsorption parameters ͑␣ and X͒ used in the calculation may be inappropriate. Pearl Harbor basal wells ͑Kunia and Waipahu͒ seem to fit well on Curve Number 4 which represents the mixing of Waianae old basal water and seawater. In addition, since the three component mixing curve ͑50% dike+50% Koolau basal mixing with seawater͒ in Fig. 5 is indistinguishable from the HCC-seawater mixing curve ͑Number 3͒, it is also reasonable ͑and generally assumed locally͒ that these Pearl Harbor basal wells have three mixing components including Schofield highlevel water, Koolau/Waianae basal aquifer water, and a small amount of seawater.
Prediction of Recycled Water Mixing in Caprock Aquifer
A method to estimate the amount of recharged HWTP water in any Ewa caprock aquifer water sample can be described as a series of steps as follows: 1. Determine the B composition ͑␦ and ͓B͔ values at a specific monitoring site prior to initiation of recharge operations. Estimate the combination of natural sources at the specific site using the appropriate two, three, or more component mixing curves. For example, in this study, the Hongwanji well water is estimated to be 1.5% seawater and 98.5% young water from the Koolau dike zone and the OG-MW-9 well water is estimated to consist of 2% seawater and 98% groundwater from the Koolau basal aquifer. 4. Assuming the B compositions of natural water sources are invariable during effluent recharge operations, any specific caprock monitoring site and adsorption-modified HWTP effluent can be used as two end members in a new mixing curve. Based on the observed data for the HWTP effluent and the four caprock wells, ␦
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B mix values were calculated and binary mixing curves created ͑see Fig. 7͒ . Mixing curves between HWTP and the OG-MW-6 and OG-MW-9 sites are almost linear because OG-MW-6 and OG-MW-9 have similar ͓B͔ compared to the HWTP effluent, and therefore, during the mixing process only the ␦ 11 B of the mixture increases from effluent to caprock groundwater. The mixing curve between HWTP and the Hongwanji well shows a decreasing trend for ͓B͔ and an increasing trend for ␦
B from HWTP to Hongwanji, which indicates that the Hongwanji water dilutes the effluent but the mixture has a higher ␦ 11 B than that of HWTP. The mixing curve between HWTP and EM-600 indicates an increasing trend for both ͓B͔ and ␦
B from the HWTP effluent injection site to the Ewa coast due to seawater intrusion. 5. During or following HWTP effluent recharge operations, identify the B composition ͓͑B͔ and ␦
B͒ of rechargeaffected groundwater monitoring wells and plot the analyzed data with the mixing curves developed in Step 4. Use the mixing curve to estimate the volume percentages of recharge effluent and baseline groundwater. 6. The ␦ 11 B equ of HWTP was found to be significantly lower than that of caprock groundwater, thus, as long as a shift of ␦ 11 B and ͓B͔ in groundwater samples after effluent recharge is detectable, the contribution of end members ͑i.e., recharge effluent and baseline caprock aquifer͒ can be estimated by the nonlinear mixing curve. These curves would be most reliable when the percentage of wastewater effluent present in the monitoring well is large ͑e.g., 10% or more͒. The lower limit can be estimated from the accuracy of the analytical methods for ͓B͔ and for ␦ 11 B. The detection limit of ͓B͔ was 0.37 g / L for ICP-MS measurement in this study which means that the HWTP component ͓͑B͔ = 274 g/L and ␦ 11 B = 19.7%͒ could be detected with a maximum dilution factor of approximately 1:740. However, this is not practical since there is likely a natural variation of 2 -5% in ͓B͔ which translates into 5 -14 g / L for HWTP. Thus, if a change in ͓B͔ is to be detected, the magnitude would probably have to be on the order of 10 g / L. In regard to the ␦ 11 B value, the RSD% for the B isotope ratio is 0.26%, which means that one standard deviation gives an error of 2.7% for the ␦ 11 B value. In practice, it should be reasonable to detect a shift of 1% in the ␦ 11 B value. The corresponding volume that a shift of 1% in ␦ 11 B represents depends on the isotopic B composition of the water at the well location. For example, at the EM-600 monitoring well where the native water has a ͓B͔ of 670 g / L and a ␦ 11 B of 58%, if the ␦ 11 B value decreased to 57% due to infiltration of HWTP effluent, this would mean that the well water contained 6.2% effluent. The corresponding value of ͓B͔ would be 645.4 g / L which would also be a detectable change. For another example, at the OG-9 monitoring well where the native water has ͓B͔ of 281 and ␦ 11 B of 63%, if the ␦ 11 B value decreased to 62% due to infiltration of HWTP effluent, this would mean that the well water contained 2.4% effluent. The corresponding value of ͓B͔ would be 280.8 g / L which would not be a detectable change ͑this illustrates the value of ␦ 11 B when the ͓B͔ in mixing waters are similar͒. This approach will be used to track the recharged wastewater effluent plume in the Ewa caprock aquifer following initiation of recharge operations. This approach is necessary for the caprock aquifer because of the influence of seawater and multiple sources of fresh groundwater. In other locations, simpler methods such as cross plots of B and Cl or silica may possibly be used for tracking of recharged wastewater. However, the approach presented here could be used for any aquifer system if end-member water types for the mixing curves are well defined.
Conclusions
A hydrogeochemical investigation was conducted on fresh groundwater from the Koolau/Waianae mountain ranges and the Pearl Harbor aquifer, groundwater from the Ewa caprock aquifer, HWTP effluent, and seawater at the Ewa shoreline. The following conclusions can be drawn: 1. The large-scale distribution of B and its isotope ratio in the central and western portions of the Island of Oahu were identified. The variation of ␦
11
B values at the local scale provides distinguishable signatures for natural water and anthropogenic sources. 2. Seven distinct water component "end members" were identified as contributing to the makeup of the area groundwaters. Using adsorption-affected binary mixing curves, the caprock aquifer appears to be mainly recharged by basal water from the Pearl Harbor aquifer mixed with a small amount of inland-migrating seawater. 3. The ␦ 11 B value is proposed to be a useful tracer for recharged wastewater effluent at the local scale. A nonlinear mixing method using ␦ 11 B equ after equilibrium with the clay soil components will allow prediction of the quantity of recharged HWTP effluent in caprock aquifer monitoring wells and tracking of the recharge plume. If possible, during recharge operations, samples of water source end members not affected by recharge should be regularly monitored and the Fig. 7 . Simulated boron isotope mixing curves for recycled water mixing with four different caprock aquifer well waters during recharge operations mixing curves updated if the B composition of water source end members does not remain constant. 4. The minimum detectable fraction using the methods outlined here are dependent upon the characteristics of the mixing waters. For the HWTP effluent and the caprock aquifer wells studied herein, the minimum fractions detectable vary from 1/40 to 1/16. 5. The ␦ 11 B tracer method developed herein can be adapted for application to any other brackish aquifer subjected to wastewater recharge. This can be accomplished by sampling the various applicable water sources, determining the ͓B͔ and ␦
B values for each, and then creating a binary mixing curve.
